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RESEARCH HIGHLIGHTS 
x I present a new model of post-Jurassic plate motion in SW Gondwana. 
x The model does not require small plates to open or close the Rocas Verdes Basin. 
x The Patagonian orocline containing the basin remnants is a crustal-scale product of 
oblique plate convergence.  
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The processes of orocline formation are a topic of debate in geosciences. The 
Patagonian orocline has been a case in point for over a century. Large anomalous 
paleomagnetic pole rotations show that the orocline started to form at the same 
time as mid-Cretaceous closure of the Rocas Verdes Basin, today known from 
ophiolitic and basin fill remnants in the Patagonian and Fuegian Andes. Some 
studies therefore present bending of the Andes and closure of the basin as shared 
consequences of rotation of a small plate that was driven by subduction-related 
forces at the Pacific margin of Gondwana. An alternative view of the orocline is as a 
product of Cretaceous to Paleogene-aged sinistral oblique convergence at the plate-
boundary scale. Geological data from Tierra del Fuego have been interpreted in 
support of both views. Here, I test these suggestions by comparing the Rocas 
Verdes Basin’s tectonostratigraphy to predictions of a plate kinematic model for 
fragmentation of the western interior of Gondwana. The model is sufficient to 
explain the known history of basin opening to a width of ~100-300 km during the 
period 152-141 Ma and later closure in oblique plate convergence. As this 
convergence occurred by motion around a distant Euler pole, it could not have 
produced the Patagonian orocline by rotation of a lithospheric plate on its Pacific 
flank. The large anomalous paleomagnetic rotations of Tierra del Fuego, instead, 
are likely to have occurred within the crust by rotation and deformation of regional 
strike-slip faults and the intervening rocks to accommodate oblique convergence of 









































































Oroclines result from tectonic bending of mountain ranges, requiring segments of them to 
rotate. Early definitions assumed mountain ranges to originally form as linear features, and 
oroclines to be the results of their subsequent bending (Carey, 1955). Later definitions, 
recognizing the complexity and longevity of orogenesis, have required only that bending by 
rotation about a vertical axis be demonstrated (Marshak, 1988). The Patagonian orocline is 
the ~90° bend in the southernmost Andes that was presented in the late 19th century as part 
of a much larger isoclinal fold whose limbs constitute the northern and southern ridges of 
the Scotia Arc (Arctowski, 1885). Although the existence of such a fold has since been 
disproved, paleomagnetic data have repeatedly confirmed rock rotations about vertical 
axes in Tierra del Fuego, most markedly to the south of the Magallanes-Fagnano and 
Beagle Channel fault systems (Figure 1a; Cunningham et al., 1991; Poblete et al., 2014; 2016; 
Rapalini et al., 2015). The oldest known of these paleomagnetic rotations affect rocks of 
early to mid-Cretaceous age (e.g. Poblete et al., 2016). These, and related rocks, also 
document the latest Jurassic to early Cretaceous growth of a basin floored by oceanic crust, 
the Rocas Verdes Basin, and its subsequent closure by tectonic compression (e.g. Klepeis et 
al., 2010). The timing coincidence suggests that the basin history and oroclinal bending 
share a tectonic context. 
 
This context, however, is not interpretable uniquely or in detail from the deformed 
remnants of the Rocas Verdes Basin, but instead must be inferred based on its wider 
setting. On this basis the basin is traditionally considered to have opened as a back-arc 
basin and closed in response to changes in relative motions of South America and the 
trench at its paleo-Pacific margin as the South American plate accelerated westwards over 
the mantle (Dalziel, 1981; Somoza and Zaffarana, 2008). It has been suggested that the 
basin’s closure involved motion of a small lithospheric plate about an Euler pole that lay 
close by to the north (Figure 1c). The basis of this suggestion is in structural studies of thrust 
sheets in the southernmost Andes, whose arrangement can be explained by collision of 
Patagonia with a rotating indentor that comprised the internal domain of the Fuegian fold 
and thrust belt (Kraemer, 2003; Ghiglione and Cristallini, 2007; Poblete et al., 2016; Torres 
Carbonell et al., 2014; 2016).  
 
None of these studies considers strike-slip motion, and yet vertical axis rock rotations are 



































































working strike-slip faults (e.g. Freund, 1974; Ron et al., 1984). Evidence for sinistral strike-
slip is widespread in Tierra del Fuego, with some consensus that a few tens of kilometres of 
strike-slip displacement have accumulated on the Magallanes-Fagnano fault zone since 
Oligocene times as part of the Scotia-South America plate boundary (e.g. Klepeis, 1994; 
Klepeis and Austin, 1997; Lodolo et al., 2003; Eagles et al., 2005; Torres Carbonell et al., 2008). 
In contrast, there is less agreement on the timing or magnitude of pre-Neogene strike-slip 
deformation (e.g. Betka et al., 2016). One school of thought concentrates on the 
observation that the evidence for Oligocene strike-slip widely overprints that for Cretaceous 
thrusting, and so surmises that strike-slip in Tierra del Fuego succeeded an earlier period of 
orthogonal convergence. An alternative viewpoint, concentrating on observations in the 
Beagle Channel region, is that a component of strike-slip has been accommodated since 
Cretaceous times (Cunningham 1993; 1995; Menichetti et al., 2008; Klepeis et al., 2010). 
Here, cross-cutting relationships with late Cretaceous plutons have been used to suggest 
that strike-slip faulting post-dates 73 Ma (Klepeis et al., 2010), but also that mid-Cretaceous 
ductile deformation produced sub-horizontal stretching lineations in zones of mylonitic 
foliation. Based on this latter interpretation, Cunningham (1993; 1995) concluded that the 
Patagonian orocline started to form at a mid-Cretaceous plate boundary that 
accommodated sinistral oblique motion between South America and the Antarctic 
Peninsula (Figure 1b).   
 
Theoretically, the distribution of the magnitudes of paleomagnetic rotations could be useful 
to distinguish between the two proposed contexts for orocline development. Upper crustal 
rock rotations between strike-slip faults might be expected to vary in time and space 
depending on fault slip and spacing (Freund, 1974), whereas those caused by lithospheric 
plate rotation must be regionally homogeneous for any time slice. In Tierra del Fuego, 
however, the distribution of available rotations and their uncertainties do not allow for a 
confident analysis of the rotations’ magnitude distribution at times before late Cretaceous 
(Rapalini et al., 2015; Poblete et al, 2016; Figure 1).  
 
In summary, available geological constraints on the closure of the Rocas Verdes Basin and 
Cretaceous deformation of Tierra del Fuego are interpretable in terms of either of two 
separate mechanisms that acted to bend the southernmost Andes and form the Patagonian 
orocline. Complementary tests of these mechanisms are therefore necessary. In the 



































































independent motions of small plates at the Pacific margin of Gondwana for the formation 
and destruction of the Rocas Verdes Basin and (ii) the occurrence of Cretaceous strike-slip 
tectonics in Tierra del Fuego as proposed by Cunningham (1993).  
 
2. INVERSE MODEL FOR WEDDELL SEA PLATE MOTIONS 
As well as placing it at Gondwana’s paleo-Pacific margin, global plate reconstructions (e.g. 
Dalziel et al., 2013) portray the Rocas Verdes Basin as a geographical continuation of the 
Weddell Sea, a region of oceanic crust that formed by plate divergence in the 
fragmentation of the supercontinent. A simple plate kinematic interpretation of the Rocas 
Verdes Basin is thus as a feature that formed to accommodate divergence of the same pair 
of plates as at the Weddell Sea’s mid-ocean ridge. This interpretation can be consistent with 
the apparent contradiction between the basin’s back-arc location and the absence of active 
arc magmatism during its growth (Caldéron et al., 2003). Livermore et al. (2005) summarize 
work that demonstrated the plates separating in the Weddell Sea had been the South 
America and Antarctica plates since 84 Ma. A similar approach has been applied 
qualitatively to data from the older parts of the Weddell Sea, showing them also to be 
consistent with separation of the same two plates, or their parental plates West and East 
Gondwana, since the supercontinent’s breakup (König and Jokat, 2006; Eagles and Vaughan, 
2009). In the following, I use this premise to derive a data set that describes South 
American—Antarctic relative plate motions since Jurassic times. Afterwards, I consider the 
history of the Rocas Verdes Basin and its vertical axis rock rotations within the context of a 
plate kinematic model built using those data.  
 
2.1. Isochron Data 
Figure 2 shows the set of magnetic anomaly profiles from which picks of seafloor isochrons 
in the Weddell Sea were taken. In the northern parts of the Weddell Sea, isochrons can be 
confidently identified in a sequence beginning with chron 33 (Livermore and Woollett, 1993; 
Livermore et al., 2005). Within this framework, I picked a selection of the older (“o”; Table 1) 
or younger (“y”) edges of well-defined anomalies. Where slow spreading rates lead to these 
edges being obscured by partial superposition of anomalies 28 to 21, I picked the anomaly 
peaks (“P”) instead. No data younger than chron 8 (26.2 Ma) were picked facing the 
Endurance Collision Zone in view of inferences that the South America plate may have 
fragmented as segments of the ancestral South American–Antarctic Ridge approached the 



































































American-Antarctic Ridge, from which data are assigned to the South American plate, have 
been shown to be currently moving independently of it as part of the Sur component plate 
(DeMets at al., 2010). I found that their inclusion does not significantly affect the solution for 
South America-Antarctica motion, suggesting that the motion of Sur has not been large. In 
the southeast and south central Weddell Sea, picks of isochrons 34o to M15 (124.6–140.6 
Ma) are based on the schemes of Livermore and Hunter (1996), Jokat et al., (2003) and König 
and Jokat, (2006). In the southwest, close to the Antarctic Peninsula, anomalies in the 
magnetic data set are too diffuse to interpret confidently (Barker and Jahn, 1980; LaBrecque 
and Barker, 1981; Ghidella et al. 2002).  
 
I additionally picked three undated targets (I, I2, MAU; Figure 3) (Sandwell et al., 2014). 
MAU is picked from the gravity anomaly at the northwestern margin of Maud Rise, part of a 
Cretaceous large igneous province that formed over the Bouvet plume and fragmented at 
the South American—Antarctic plate boundary. I and I2 are picked from gridded (Golynsky 
et al., 2001) magnetic intensity highs that occur over seafloor that formed during the 
Cretaceous normal polarity magnetic superchron. Although seafloor of this age is well 
known not to raise magnetic reversal anomaly isochrons, I and I2 may represent 
isochronous or near-isochronous processes that are unrelated to field reversals, such as 
geomagnetic field intensity variations (e.g. Granot et al., 2012) or magmatic pulses 
migrating along the ridge crest following variations in the material flux of the Bouvet 
mantle plume. The true process responsible for I and I2 is less important here than the fact 
that using these 48 data allows the model to be constrained by an additional 132 data from 
fracture zone azimuths developed in the Cretaceous normal polarity seafloor.  
 
Finally, in order to extend the model back towards the Weddell Sea’s continent-ocean 
transition zone, I picked targets at the northern edge of the Orion–Andenes magnetic 
anomaly, labelling them ORI, and at the gravity effect of the Weddell Sea shelf edge, 
labelling them WSE.  
 
2.2. Fracture Zone data 
Figure 2 shows free-air gravity anomalies in the region and the set of fracture zone 
interpretations made from them for use in the inversion. Numerous closely spaced fracture 
zones can be interpreted in these data north of a discontinuity known as Anomaly T 



































































is characterised by gentler oscillations with variable trends. König and Jokat (2006) chose 
not to consider any of these trends in their modelling of the tectonic development of the 
Weddell Sea, relying instead on their high-resolution magnetic anomaly isochrons. Eagles 
and Vaughan (2009) later showed that some of these anomalies are oriented as would be 
expected of fracture zones formed during the separation of east from west Gondwana. 
Despite the low amplitudes, therefore, the anomaly field south of Anomaly T presents 
valuable constraints on plate motion. I picked one of these anomalies as the expression of a 
fracture zone in the older parts of the Weddell Sea in order to allow the inversion to use the 
valuable fracture zone constraint whilst still being dominated by picks from the high-quality 
magnetic data of Jokat et al. (2003).  
 
2.3. Inversion  
I used the data set in an inversion that makes non-conjugate fitting of magnetic anomalies 
(cf. Livermore et al, 2005) simultaneously with iteratively improving the fit of a set of 
synthetic ridge-crest flowlines to the fracture zone locations. Non-conjugate fits were 
necessary in the absence of data from parts of the South American plate that were 
subducted beneath the Scotia Sea at the South Sandwich Trench (Figure 2) or deformed at 
the Endurance collision zone. The fracture zone azimuths betray large changes in plate 
divergence direction. These can be expected to have necessitated large changes in ridge-
crest orientation to occur by a variety of plate boundary scale processes. The inversion 
procedure assumes rigid plates and so cannot take these changes into account. I found 
them to give rise to large populations of data outliers that affected the plausibility of the 
statistical analysis of the resulting rotation parameters. To combat this problem, I restricted 
the non-conjugate isochron fits to sets of features with similar strikes.  
 
3. RESULTS 
Details of the rotation parameters and their 95% uncertainty ellipsoids are listed in Table 1. 
Figure 4 gives a visual indication of the goodness of fit and shows that the solution found is 
acceptable in not implying large changes in spreading direction that are not seen in the 
fracture zone data. Figure 5 shows the progression of rotation poles, within their 95% 
confidence ellipses, that broadly follows the West Antarctic coast from west to east before 
turning southwards. Comparison with the finite rotations of König and Jokat (2006) shows 





































































Figure 6a abstracts the misfits. It can be seen that the standard deviations of the isochron 
and flowline misfits (22 km and 11 km) are calculated from data populations with even 
geographical distributions. A prominent group of large isochron misfits is situated in a single 
spreading corridor in the northeast Weddell Sea on the Antarctic plate. Their confinement 
to one corridor on one plate suggests a navigational or interpretational error in one or more 
of the isochrons, or possibly the effects of unidentified spreading asymmetry. The misfits 
for data in the two segments of ORI do not vary greatly despite being grouped 450 km 
apart, suggesting that the seaward edges of the Orion-Andenes magnetic anomaly may 
indeed be an isochron. The large variation in WSE misfits, in contrast, suggests the shape of 
the modern shelf edge may betray the effects of diachronous continental breakup (Jokat et 
al., 2003) and/or progradation in the east (Huang et al., 2014). Neglecting outlier 
populations, the standard deviations of the isochron and flowline misfit populations are 12 
km and 9 km. Data importances (Figure 6b) show that none of the magnetic picks with large 
misfits has a strong influence on the stability of the solution. The data upon whose 
alteration the solution would most rapidly change are those in the oldest parts of the 
Weddell Sea, reflecting above all their scarcity. It can also be seen that the inversion is 
influenced by, and so has made good use of, a geographically wide spread of the data, 
meaning it is not unduly biased to any data type or region.  
 
Figure 7 illustrates differences between the model and predictions of the plate circuit (e.g. 
Eagles and Vaughan, 2009). The largest differences are to be seen for times before isochron 
M11A. Here, flowlines from the two sets of rotations deviate from each other by as much as 
120 km, and two magnetic isochrons predicted by the circuit (M22 and M25) are either not 
present or not resolved in the Weddell Sea. If these deviations were to be interpreted in 
terms of independent plate motions in the Weddell Sea, then they would imply around 350 
km of east-directed convergence somewhere between the Antarctic margins of the Weddell 
and Riiser Larsen seas in the period before 138 Ma. Neither the size nor the location of this 
motion is consistent with Cretaceous independent plate motions that have been suggested 
to the west of the Weddell Sea on the basis of paleomagnetic data (e.g. Grunow, 1993; 
DiVenere et al, 1995; Dalziel and Lawver, 2001). On the whole, the inversion results depict a 
smoother plate motion history than the circuit-derived rotations do, consistent with the 
expectation that spurious accelerations are likely to have been introduced by propagation 



































































rotations to be even larger than those shown for the inverse model using 95% confidence 
ellipses. Taking this into consideration, it seems likely that all of the differences between 
the two models are products of their combined errors. 
 
4. DISCUSSION: THE ROCAS VERDES BASIN AND PATAGONIAN OROCLINE 
It is helpful to date the ORI and WSE rotations in order to relate the history depicted in the 
model to the development of the Rocas Verdes Basin and Patagonian orocline. Flow points 
for these rotations bracket the Orion-Andenes magnetic anomaly in the southern Weddell 
Sea, which Ferris et al. (2000) modelled with magnetic susceptibilities in the range reported 
for seaward-dipping basalt flows associated with continental breakup at the Norwegian 
margin (Planke et al, 1999). WSE may therefore date from the beginning of the Weddell 
Sea’s breakup phase, which can be correlated with the peak of the region’s breakup-related 
Karoo-Ferrar volcanism at 183-177 Ma, or its Chon Aike successor at 172 Ma (Pankhurst et al, 
2000). For ORI, I note first that the rotation falls somewhere between those for M25 (~153 
Ma) and FIT (183-177 Ma) in the circuit-derived model (Figure 7), and second that a probable 
sequence of conjugate anomalies to those in the Weddell Sea, formed in the central Scotia 
Sea, begins around chron M25—M22 (155 Ma; Eagles, 2010). ORI should therefore date from 
a time between 155 and 172-183 Ma. Figure 7 shows that none of the possible combinations 
of age assignments for ORI and WSE implies unreasonable changes in plate divergence rate 
or azimuth in the region.  
 
The history of the Rocas Verdes Basin is interpretable from the results of structural and 
detrital zircon dating work on rocks of its syn- and post-rift fill (e.g. Calderón et al., 2007; 
Barbeau et al., 2009; Gombosi et al., 2009; Klepeis et al., 2010) and U-Pb dating of zircons 
extracted from igneous rocks of its basement and fill (Stern et al., 1992; Malkowski et al., 
2016). Based on this work, crustal stretching and oceanic crust formation are thought to 
have occurred in the period 152–141 Ma. The maximum width the basin achieved in this 
period is not precisely known. Vérard et al. (2012) depicted an upper bound of 3000 km by 
assuming it opened at plate motion rates equal to the fastest currently known. Intercalation 
of large fan deposits from the basin’s opposing margins, however, suggest it was not much 
wider than 300 km in Tierra del Fuego (Winn, 1978). Assuming this width was achieved by 
stretching of the crust, with factors of between 4 and 5, at the margins of a basaltic floor 
100 km wide (Dalziel, 1981), the basin there might be attributable to 150—160 km of plate 



































































narrower, divergence normal to the basin margins is likely to have been slighter. 
Geochemical indications that the southern reaches of the basin accreted in the presence of 
a continuous supply of melt from the mantle whilst lavas in the northern reaches were 
supplied via episodic fractionation support this view (Stern and de Wit, 2003). Growth of the 
Rocas Verdes Basin seems to have ended with its abandonment as a segment of plate 
boundary around 141 Ma. The basin subsequently filled by deposition of the Yahgan 
Formation and related rocks. Deformed fossils show that renewed tectonic activity was 
leading to shortening of the basin by 100 Ma (Halpern and Rex, 1972). Klepeis et al. (2010) 
dated undeformed granites that intrude thrust faults to show that this shortening had 
concluded, at least locally, by 86 Ma.  
 
Figure 8 illustrates some of the plate motions that the model of Table 1 implies to have 
affected the tectonics of the Rocas Verdes Basin, under the assumption that the East—West 
Gondwana plate boundary, and later the South America—Antarctica plate boundary, ran at 
times through the region now occupied by the basin. The base maps show present-day free-
air gravity anomalies from Sandwell et al. (2014) and Scheinert et al. (2016) rotated into their 
locations at 150 Ma, 140 Ma, 125 Ma and 84 Ma with respect to a fixed East Antarctica. 
Rotations are from Table 1 (West Gondwana/South America with respect to East 
Gondwana/Antarctica), Pérez-Díaz and Eagles (2014) (Africa with respect to South America) 
and Eagles and Jokat (2014) (for reconstruction of the Scotia Sea). In the following, I 
describe how the rotations are able to reconstruct a period of basin opening during the time 
that the East—West Gondwana plate boundary occupied Tierra del Fuego, and a period of 
oblique basin closure whilst the later South America—Antarctica plate boundary occupied 
it. 
 
4.1. Closure phase of the Rocas Verdes Basin 
Starting around chron MAU (~107 Ma), the directions of modelled relative plate motions 
rotate anticlockwise through angles of between 60° and 90°, increasing northwestwards. 
The resulting sense of motion is one of sinistral-oblique shortening throughout the Rocas 
Verdes Basin (Figure 8a). The obliquity increases southwards where, depending on the 
specific strike of individual segments of the paleo-plate boundary, even pure strike-slip may 
have occurred. This is consistent with the findings of Klepeis et al. (2010) and Halpern and 
Rex (1972) concerning the timing of the basin’s shortening by thrusting and folding, of 



































































strike-slip faulting in Tierra del Fuego, of Olivares et al. (2003) and Willner et al. (2004) 
concerning sinistral transpression in the margin of the northern parts of the basin, and of 
the greater width of basin floor remnants in the south than in the north (Dalziel, 1981).  
 
The relative plate motion direction during the closure phase is strongly oblique to thrust 
faults in the internal domain of the Fuegian fold and thrust belt, but less so to the Beagle 
Channel fault zone (Figure 9). One interpretation of these observations is that mid-
Cretaceous strain in the internal zone was partitioned into a convergent component on the 
thrust faults and a sinistral strike-slip component on the Beagle Channel fault zone. A 
similar scenario would present the thrusts as developments at bends or step overs between 
a set of regional strike-slip faults that included lengths of the Beagle Channel and 
Magallanes-Fagnano fault zones along with at least one further fault zone to the southeast 
of Beagle Channel. Either possibility would see pervasive non-rigid deformation of the plate 
boundary zone by movement on faults and shear of the rocks between them. This 
deformation, which could have involved vertical axis rotations by a variety of mechanisms, 
is not restored in Figure 8, which accommodates all of the relative plate motion that 
governed it onto a single narrow plate boundary. Palinspastic restoration of a more realistic 
wide plate boundary zone, whilst desirable, would require a more complete and reliable 
data set to describe Cretaceous paleomagnetic rotations and the locations of Cretaceous 
faults than is available, and so has not be attempted. One of the results of such a restoration 
would be to reduce the east-west extent of the Fuegian Andes, bringing the region’s various 
occurrences of Cretaceous calc-alkaline and related volcanic rocks (Hervé et al., 1984; Bruce 
et al., 1991; Miller et al., 1994) closer to the paleo-Pacific subduction zone that Poblete et al. 
(2016) attributed them to. 
 
4.2. Opening phase of the Rocas Verdes Basin 
Between chrons WSE and I, the rotations imply orthogonal plate divergence in the region 
now occupied by the Tortuga complex and oblique-dextral divergence in that now occupied 
by the Sarmiento complex. The estimated timing of this part of the model overlaps with the 
152—141 Ma basin opening phase determined from its fill and floor. If ORI dates to 155 Ma, 
the model plate divergence implies the basin opened to a width of 140 km orthogonal to its 
margins in the north, and 280 km in the south during its 152-141 Ma period. Alternatively, if 
ORI dates to 172 Ma, opening may have been by 65 km in the north and 130 km in the south. 



































































also consistent with the geochemical and structural indications that the basin floor became 
wider and more evolved towards an oceanic composition southwards (Stern and DeWit, 
2003). The model basin in Figures 8b and 8c, in contrast, appears to widen towards the 
northwest, because its southern margin has not been palinspastically restored from its post-
shortened shape in Figure 8a.  
 
4.3. Quiescent phase of the Rocas Verdes Basin 
Figure 8 shows that the Rocas Verdes Basin could have opened by divergence of the East 
Gondwana and West Gondwana plates until the plate reorganization that led to the 
fragmentation of West Gondwana, and that it could later have closed by oblique 
convergence of the South American and Antarctic plates. A remaining question concerns 
the location of the South America—Antarctica plate boundary in the period between the 
reorganization near 141 Ma and the start of basin closure after chron MAU (~107 Ma). The 
boundary’s location east of a point on 50°W immediately south of Powell Basin in this 
period is known from the seafloor spreading evidence in the Weddell Sea (Figure 2). West of 
this, the only alternative to a South American site is one through what was to become the 
Antarctic Peninsula, as shown in Figure 8b. Here, the new rotations predict South 
American–Antarctic convergence after 141 Ma, along an azimuth that Vaughan et al. (2012) 
show is consistent with shortening directions determined from structures in the peninsula’s 
Eastern Palmer Land Shear Zone that they attributed to a collisional event at ~107-103 Ma.  
 
Based on these considerations, it can be stated that major plate motions, initially between 
East and West Gondwana, led to opening of the Rocas Verdes Basin in extensional and 
transtensional settings that gave rise to crustal stretching, igneous addition, and 
oceanization in the period ~152–141 Ma. Abandonment of the basin around 141 Ma, 
possibly one of a number of regional consequences of the changing stress field related to 
the breakup of West Gondwana by initiation of the southern Mid Atlantic Ridge, resulted in 
the transfer of a strip of lithosphere from the western margin of the inactive basin to the 
new South American plate. The crust of this strip consisted of pre-early Cretaceous 
basement of the Patagonian Andes and, at least by a short while prior to the Palmer Land 
Event at 107-103 Ma, the western and central terranes of the Antarctic Peninsula. As shown 
by Vaughan et al. (2012), relative plate motion between these terranes and the interior of 



































































relocation of the plate boundary to southern Tierra del Fuego saw it come to accommodate 
oblique plate convergence to close the Rocas Verdes Basin.  
 
4.4. Oblique convergence and the curvature of the Patagonian Orocline 
Figures 8 and 9 demonstrate how major plate motions alone are able to explain the timing, 
sense, orientation and magnitude of the opening and closure of the Rocas Verdes Basin. 
The closure of the Rocas Verdes Basin in this model occurs about stage poles in equatorial 
latitudes, at which distance large local rotations of the plate on the Pacific side of the basin 
are impossible. The idea of the basin closing and the Fuegian Andes bending by motion of a 
small plate driven by forces raised at its Pacific margin reduces to an ad hoc explanation for 
the apparent vertical-axis rotations of the region’s Cretaceous rocks. The strong obliquity of 
plate motion beginning during the closure phase is, in contrast, fully consistent with 
Cunningham’s (1993; 1995) representation of the orocline and its paleomagnetic rotations as 
plate boundary and crustal-scale products of Cretaceous through to Paleogene strike-slip 
related processes. As this is envisaged to have occurred by what, at the plate scale, amounts 
to distributed deformation (Garfunkel and Ron, 1985), it would not be appropriate in Figure 
8 to depict it using rotations of rigid lithospheric blocks like those of Poblete et al. (2015). 
 
The obliquity of plate motion during the Cretaceous closure phase to the present-day 
strikes of thrust faults in the internal domain of the Fuegian fold and thrust belt varies in the 
range 15°-30° (Figure 9). At such obliquities, reduction of a 100 km wide basaltic basin floor 
to the present-day 15 km outcrop width of the Tortuga ophiolite would require between 330 
km and 170 km of oblique plate convergence. Starting immediately after the Palmer Land 
deformation, the model in Table 1 would achieve these values by 77 Ma or 91 Ma, which can 
be seen as consistent with Klepeis et al.’s (2010) 86 Ma date for the end of thrusting in the 
Rocas Verdes Basin. Either of these amounts of convergence alone, however, would be 
insufficient to explain the ~400 km length of the east-striking limb of the Patagonian 
orocline as a product of deformation of an originally rectilinear margin. The rotations in 
Table 1, however, imply continuing oblique sinistral convergence well into Paleogene times 
(Figure 9). Numerous studies present evidence for this convergence, as well as for vertical 
axis rotations (e.g. Nelson, 1982; Cunningham, 1995; Gombosi et al., 2009; Poblete et al., 
2016; Figure 1). Although this later activity seems primarily to have affected the area to the 
north of the Beagle Channel fault zone, Barbeau et al. (2009) give evidence, albeit whose 



































































small population of zircons for its ongoing tectonics into the period 83-75 Ma. Conceivably, 
therefore, the present-day curvature of the southernmost Andes is entirely a consequence 
of mid-Cretaceous to Paleogene oblique convergence within the South American-Antarctic 
plate boundary zone.  
 
5. CONCLUSIONS 
I have used Euler rotations derived from a new model of seafloor spreading data in the 
Weddell Sea to show that Cretaceous tectonics within the Andean margin of southwest 
Gondwana was determined at first order by relative plate motions caused by fragmentation 
of the supercontinent. This conclusion can be independently supported by existing 
paleomagnetic and structural geological data that show the Patagonian orocline formed 
during mid Cretaceous to Paleogene deformation and rotation of upper crustal rocks 
between regional strike-slip and thrust faults in the margins and the floor of a narrow latest-
Jurassic to early Cretaceous oceanic basin that ran through Tierra del Fuego from the Pacific 
to the Weddell Sea.   
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Figure 1. a) The Patagonian orocline as defined primarily by anomalous paleomagnetic 
rotations (discs coded by colour for age, grey wedges portray the anomalies as deviations 
from present-day north; after Poblete et al., 2014; 2016), including rocks of the Rocas 
Verdes Basin (green shades; including the Sarmiento (SC) and Tortuga (TC) ophiolite 
complexes) and Jurassic-Paleogene batholith at its Pacific margin. Red lines: regional scale 
oblique- and strike-slip fault zones after Sue and Ghiglione (2016) including BF: Beagle 
Channel fault zone; MF: Magallanes-Fagnano fault zone; b) schematic of orocline formation 
from an originally rectilinear Pacific margin of Gondwana by action and evolution of strike-
slip (green), transpressional (red) and transtensional (blue) faults in the plate boundary zone 
between the South American and Antarctic plates at the northern end of the Antarctic 
Peninsula (ANP) (adapted from Cunningham, 1993), c) schematic of orocline formation by 
plate rotations (after Poblete et al., 2016). Yellow: African plate, Blue: South American plate, 
Green: Antarctic plate; Red: ‘Rocas Verdes’ plate bearing the rocks that today exhibit 






































































Figure 2. The Weddell Sea. a: Satellite-derived gravity data (Sandwell et al., 2014 and 
Scheinert et al., 2016 on land in Antarctica). T: anomaly T. Black triangles: FZ picks. MAU: 
picks at rifted edge of Maud Rise. WSE: picks at edge of Weddell Sea continental shelf. 
Yellow fill area with ‘Sur’ label: area in which seafloor may have been affected by 
independent motion of Sur component plate. b: trackline data compiled or acquired by AWI 
(red), ADMAP (blue), and BAS (black). Thick red lines: triple junction traces, dashed red 
lines: other margins of the region formed by seafloor spreading in the Weddell Sea. 










































































































































































































Figure 3. Magnetic grid from ADMAP compilation (Golynsky et al, 2001) with grid-based 













































































Figure 5. Finite rotation poles and their 95% confidence ellipses for motion of Antarctica 
with respect to South America. Red: this study, Blue: König and Jokat, 2006; Green: Eagles 





































































Figure 6. a) Model misfits to the data. Blue: RMS misfits to isochron data. Pink: misfits to 
fracture zone data. b) Data importances to the stability of the model. Dark green: 







































































Figure 7. Comparison of model flowlines generated from the South America-Africa-
Antarctic plate circuit (blue) and inversion (red) methods. Top upper inset: older parts of the 
models showing expected locations of flowpoints for chrons M25 and M22 assuming for the 
inverse model that steady plate divergence rates and that ORI dates to 157.5 Ma, Bottom 
upper inset: same, assuming instead that ORI dates from 172 Ma. Lower inset: plate 
divergence rates (red shades) and azimuths (blue shades) along the flowlines shown, as 
implied by variable models and age assignments to ORI and WSE. Plain lines: ORI at 157 Ma 
and WSE at 172 Ma; long dashes: ORI at 172 Ma and WSE at 183 Ma; short dashes: ORI at 

















































































Figure 8. Possible history of activation and inversion of the Rocas Verdes Basin by plate 
boundary switching. a,b: Basin opening phase by divergent motion (blue vectors, for 150-
140 Ma) of West and East Gondwana; c: Quiescent phase after basin abandonment during 
plate boundary reorganization; d: closure phase by oblique sinistral motion between South 
American (SAM) and Antarctic (ANT) plates (vectors for 94-84 Ma). AFR: African plate. 



































































Figure 9. Closure of the SE part of the Rocas Verdes Basin (location in Figure 2). Red 
arrows: azimuth of motion of points on the South American (northern and eastern) 
side of the basin with respect to the Antarctic side in the period 94-84 Ma, 
calculated from Table 1. Violet arrow: azimuth in Paleocene times. Lines with barbs: 
thrust faults (after Kraemer, 2003). BF: Beagle Channel fault zone; MF: Magallanes-
Fagnano fault zone. Dashed line: northern extent of the internal zone of the Fuegian 






































































Table 1. Solution finite rotations for Antarctica with respect to South America, from 
inversion of magnetic and flowline data in the Weddell Sea. Magnetic chrons from the 
Cande and Kent (1995) timescale. Rotations are right handed. Axes are those of the 95% 
confidence ellipsoid, and its orientation in degrees anticlockwise from east. Only the 95% 
confidence ellipses (axes 1 and 2 and azimuth) are depicted in figure 6. 
 
Chron Age (Ma) Latitude Longitude Angle 95% ellipsoid 
Axis 1 Axis 2 Axis 3 Azimuth 
1V, great circle degrees 
3Ao 6.57 -78.75 152.15 1.25 2.30 0.16 0.032 80.51 
5o 10.95 -79.00 166.63 2.82 6.92 2.09 0.030 89.42 
5Co 16.73 -82.74 170.78 5.13 4.38 1.66 0.044 92.25 
6o 20.13 -76.73 171.58 5.56 4.57 1.56 0.037 95.02 
8o 26.55 -68.37 174.70 6.61 3.37 0.96 0.040 100.49 
13y 33.06 -73.10 -176.64 9.80 3.06 0.57 0.062 108.76 
18y 38.43 -72.32 -177.36 11.70 2.46 0.45 0.059 111.86 
21P 47.07 -75.00 -161.60 15.01 1.70 0.32 0.087 122.25 
25P 56.25 -77.77 -145.26 18.16 1.40 0.33 0.108 139.25 
28P 63.63 -76.95 -139.32 19.13 1.35 0.29 0.138 139.74 
30y 65.58 -77.47 -131.93 21.31 1.25 0.29 0.136 146.59 
32y 71.07 -76.26 -133.12 22.62 1.20 0.23 0.127 144.22 
33y 73.58 -75.67 -134.72 23.43 1.19 0.26 0.140 141.62 
34y 83.5 -76.51 -123.73 28.54 1.01 0.19 0.126 151.03 
I2 94a -76.46 -113.91 33.01 1.29 0.27 0.143 166.69 
MAU 107a -75.92 -107.18 36.55 3.71 0.47 0.181 137.17 
I 119a -74.70 -100.72 39.86 0.95 0.18 0.113 170.10 
34o 124.61 -72.33 -101.08 40.85 0.82 0.14 0.101 159.86 
M5no 130.80 -70.64 -95.27 44.05 0.83 0.24 0.098 163.74 
M11Ao 137.51 -66.62 -93.67 44.47 0.99 0.26 0.093 152.05 
M14o 139.77 -63.89 -91.74 45.45 1.25 0.35 0.101 134.52 
ORI 155-172b -59.63 -89.51 46.17 2.34 0.36 0.115 133.68 
FIT 172-183b -52.38 -85.93 48.80 4.05 0.40 0.115 128.45 
a Ages assigned based on assumption of zero change in spreading rate through the Cretaceous Normal Polarity Superchron 
b See text 
 
